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Increasing the thermal conductivity of typically insulating polymers, such as 
nylon 6,6, opens new marked. A Orient- ally conductive resia can be used for heat 
sink applications. This research focused on performing confounding runs followed 
by injection molding and through -plane Thermal conductivity testing of carbon Med 
nylon 6,6 based resins. The three carbon fillers investigated includ ed an electrically 
conductive carbon black, synthetic graphite particles, and a surface treated poly- 
aerylonitrile (PAN} based carbon fiber. Conductive resins were produced and tested 
that contained varying amounts of these single carbon fillers. In addition, combina - 
tions of fillers were investigated by conducting a lull 2 ? .factorial design and a com - 
plete replicate. The objective of thus paper was to determine the effects and inter- 
actions of each filler on the thermal conductivity of the resins. Synthetic graphite 
particles caused tlie largest increase in composite thermal conductivity. In addition, 
all the single fillers and combinations of fillers caused a statistically significant 
(at the 95% -confidence level) increase in composite thermal conductivity. Potym. 
Compos. 25: 1 86- I 93, 2004, 2004 Socwty of Kasttes jgmecsfs. 



INTRODUCTION 

Most polymer resins are thermally insulating, In- 
creasing the thermal conductivity of these resins 
opens large new markets. The advantages of conductive 
resins as compared to metals (typically used] include 
improved corrosion resistance, lighter weight, and the 
ability to adapt the conductivity properties to stilt, the 
application, needs. For example, a thermally conductive 
resin is ideally suite! for heat sink applications, such 
as Sighting ballasts and transformer housings. 

Typical thermal conductivity (TO) values for some 
common materials are 0.2 to 0.3 for polymers, 234 for 
aluminum, 400 for copper, and BOO for graphite (all 
values in W/xn-K). One approach to improving the 
thermal conductivity of a polymer is tiirough tlie addi- 
tion of a conductive filler material., such as carbon 
and metal Conductive resins with a thermal conduc - 
tivity from approximately 1 to 30 VV/rn-K can be used 
in heat sink applications {!}. 

A significant amount: of work has been conducted 
varying the amount, of single conductive fillers in a 
composite material (2-9). For example, ceramic fibers/ 
particles {boron nitride, aluminum nitride, aluminum 
oxide), metal fibers /particles (aluminum, steel, iron, 
Conner, silver) and Ni -coated glass fibers have been used 
ih 3, 10-12). Metallic fillers have several disadvantages. 
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relative to carbon, which include higher density- and 
greater susceptibility to oxidation. Various types of 
carbons have been effective conductive fillers. For ex - 
ample, adding synthetic graphite to nylon 6,6 in- 
creases the thermal conductivity from approximately 
0.3 W/m-K to 1 W/xn-K (8). Carbon black and carbon 
fiber have also been used (1, 7, 9, 13-20}. Carbon 
black liners have been successfully used to improve 
electrical conductivity, but these materials often have 

mm 

relatively low thermal conductivity. Carbon fibers, on 
the other hand, improve both the thermal and elec- 
trical co-id u ctivi ties . 

Taipalus at ai have studied the electrical conductiv- 
ity of carbon fiber reinforced pofypropylcne/TJoly ani- 
line complex blends (21). limited work has concerned 
the effect of combinations of various types of conduc- 
tive fillers, such as carbon black, synthetic grapliite, 
and carbon fiber on tlie composite conductivity. Thon- 
gruang et al have investigated the electrical conduc- 
tivity and mechanical properties of composif.es con- 
taining both, graphite arid carbon fiber in high, density 
polyethylene and ultrahigh molecular weight polyeth- 
ylene (22). Other researchers have studied the syner- 
gistic effects of carbon black., synthetic graphite parti- 
cles, and a milled pitch based carbon Jiber in nylon 
6,6 and polycarbonate on the thermal and electiical 
conductivity and shielding effectiveness {23—25). 

In this nrotect, researchers nerfcrmed compounding 
runs followed by inject-on. molding carbon filled nyloxa 
6,6 test specimens. Material characterisation tests in- 
cluded through-plane thermal conductivity, and optical 
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microscopy to determine aspect ratio and orientation 
angle of the conductive fillers. The three carbon illlers 
investigated were Akao Nobel's Ketjenhlack EC -600 JD, 
Conooo's Thermocarb™ TC-300 Specialty Graphite, 
and Akzo Nobel's Fort&fil 243 pofyacrylonitrile (PAN) 
based carbon fiber. A total of 31 nylon 8,6 based for - 
mulattos were produced and tested that, contained 
varying amounts of these carbon fillers. These formu- 
lations included increasing amounts of a single carbon 
Oiler, as well as a 2 3 factorial design. The goal of this 
project was to determine the effects of each Oiler and 
cQzubbciatiotxs of different fillers on the therxsial conduc- 
tivity of the conductive resits:-. 

Materials 

The matrte; used was DuPont Zytel 101 NC010, an 
unmodified semiciystsa.lljne nylon 6,3 polymer. The 
properties- of this polymer are discussed elsewhere 
(24, 26). Three diffeient carbon fillers were employed 
in this project, Akzo Nobei Ketjenhlack EC-600 JD, 
an electrically conductive o&cbon black, was used. The 
highly branched, high surface area carbon black struc- 
ture allows it to contact a large amount of polymer, 
which results in improved electrical conductivity at low 
carbon black concentrations. Thermocarb TM TC-300 
Specialty Graphite, a high purity synthetic graphite 
available front Conoco, Inc.." was used because of its 
high thermal conductivity and moderately high electri- 
cal conductivity. The properties of these two fillers are 
discussed elsewhere [24. 27, 28}. Akaso Nobel's Porta®. 
243 PAN based 3.2 mm chopped and pelletized carbon 
fiber was used to improve the electrical and thermal 
conductivity and the tensile strength of the resin, Fort- 
aftl 243 was surface treated and then formed into pel - 
lets. A proprietary polymer (sizing) Is used as a. binder 
for the pellets that also promotes adhesion with nylon. 
Table 1 shows the properties of tills carbon fiber (29). 

In this study, a 2 s factorial design (three factors or 
fillers in this case at two different loading levels) unci a 
complete replicate was completed. For all fitters. the low 
loading level was 0 wtvb. The high loading level varied 
for each Slier. The high levels were 5 wt% for Ketjen - 
bla.de EC-600 JD, SO w(*M> for Thermocarb™ TC-300 
Specialty Graphite, and 20 wt% for Foxtafd 243. Table 
2 shows the factorial design formulations. In Table 2, 
"CB* signifies carbon black, "SG" signifies aynthcUc 
graphite (Theimocarh™ TC-300 Specialty Graphite), 
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Table 1. Properties of Akzo Nobel Fortafil 243 PAN Based 
3.2 mm Chopped and Pelletized Carbon Fiber (29). 



Carbon Content 


95 wt% 


Electrical Resistivity 


0.00167 ohm-cm 


Thermal Conductivity 


20. W/m-K (axial direction) 


Tensile Strenqth 


3800 MPa 


Tensile Modulus 


227 GPa 


opectiic oiavity 




Fiber Diameter 


7.3 microns 


Fiber Shape 


Round 


Fiber Mean Length 


3.2 mm (entire range is 2.3 mm to 4.1 mm) 


Binder Content 


2.6 wt% proprietary polymer that adheres 




pellet together and promotes adhesion 




with nylon matrix 


Bulk Density 


356 g/l 



and "CP" signifies carbon liber. Since this project fo- 
cuses oii producing highly conductive composites, 
the high loading levels were chosen so that the illier 
amounts would be above the electrical conductivity per- 
colation threshold. This percolation threshold is de- 
fined as the conductive filler concentration above which 
there is a sharp Increase in composite electrical con- 
ductivity. Below this threshold, conductive particles 
are too far apart and no electrical conductivity occurs. 
Based on prior results, these percolation thresholds 
had already been deieriEilned 124, 30-32). Another 
consideration was tliat the total wt% filler for the com- 
posite with all fillers at the high level, he 55 vn%. Higher 
filler amounts would i&ely make it difficult to extrude 
and injection mold (he conductive resin Into test spec: • 
imens. 

Thermal conductivity was also measured on com- 
posites containing only one type of carbon filler in 
nylon 6,6. The loading levels for these single filler 
composites axe shown in Table 3. 

Test Specimen Fabrication 

Per tills entire oroiect, the fillers were used as re- 
ceived. Zytel 101 WC010 was dried in an indirect 
heated dehmnidliyipg drying over* (dewpoint of the re- 
circulating air = "40°C). After drying, the polymer 
was stored in moisture -barrier baa's. 



Table 2. Filler Loadings in Factorial Design Formulations for Nylon 6,6. 



Ketjenblack Thermocarb™ TC-300 Fortafit 243 

Formulation EC-600 JD, wt% S pecialty Graphite, wt% Carbon Fiber, wt% 

No filler 0 0 0 

CB 5 0 0 

SG 0 . 30 0 

CB'SG 5 30 0 

CF 0 0 20 

CB*CF 5 0 20 

SG*CF 0 30 20 

CB*SG*CF 5 30 20 
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Table 3. Single Filler Loading Levels for Nylon 6,6. 



Filler 



Kejenblack EC-600 JD 



Thermocarb™ TC-300 
Specialty Graphite 



Loading Levels, wt% 



2.5,4.0, 5.0, 6.0, 7.5,10.0 



10.0, 15.0, 20.0, 30.0, 40.0 



Fortafil 243 Carbon Fiber 5.0, 7.0, 10.0, 15.0, 20.0, 30.0, 40.0 



T&rowgk-Faawe T&erraaJ Conductivity Test Method 

The throtf*£i -plane thermal ooziductMtv of a 3.2 ram 
thick, 5 cm diameter disc-shaped test specimen was 
measured at 55°C using a IMometrlx Model TCA-300 
Thermal Conductivity Analyzer, which uses ASTM F433 
guarded heat How meter method (33). Hie nylon 6,6 
based samples were all tested dry as molded (DAM). 
For each formulation, at least 3 samples were tested. 



Toe extruder used was an American Letatiitz Ex- 
truder Corporation Model ZSE 27, which has a 27 xnxn 
co-rotating iniermesiiSng rwix- screw with 1 0 doxies 
arid a length/diameter ratio of 40. The screw design 
was chosen to obtain the maximum possible conduc- 
tivity; it is described m detail elsewhere (25). Hence, a 
minnmnn amount of Oiler degradation was desired, 
while still dispersing tiie tillers well iu (he poiyxnex. The 
same screw design was used for 'this entire project, 
The Zytel polyraer pellets were introduced in Zone 1. 
The first side sniffer, utilised to introduce carbon black 
and Theruiocarb™ TC-300 Specialty Graphite Into 
the polymer melt, was located at Zone 5. The second 
side stufier was located at. Zone 7 and was used to in - 
troduce the carbon liber into the polymer melt. Four 
Scheack Accurate gravimetric feeders were used to 
accurately control d ie amount of each material added 
to the extruder. 

After passing through the extruder, the polymer 
strands (3 mm in diameter) entered a water bath and 
then a peJleiizer that produced nominally 3 mm long 
pellets. After compounding, tiie pelleted composite 
resin was dried again and then stored in moisture- 
barrier bags prior to injection molding. 

ANiigata injection molding machine, model NESSUAy 
was used to produce test specimens. This machine 
has a 40 mm diameter single screw with a length/ 
diameter ratio of 18. The lengths of the feed, compres- 
sion, and metering sections of the single screw are 398 
mm, 180 mm, and 144 mm, respectively. A four cavity 
moid was used to produce 8 A cm diameter disks that 
are 3.2 mm thick, Trie thermal conductivity of all for - 
mulations were determined. 



Fifflei" L«agtii a*id Aspect Ratio Test Method 

In order to determine trie length of die carbon fiber 
and synthetic graphite in the test specimens, solvent 
digestion was used. A 0,2 g sample cut from the cen- 
ter of a thermal conductivity specimen was dissolved 
at 23°C using formic acid to remove the nylon 6,6. Tbe 
Mel's were then dispersed onto a glass slide and viewed 
using aa Olympus SZH10 optical microscope with an 
Optronics Engineering LX-750 video camera. The im - 
ages (at BOX magnification) were collected using Scion 
Image version L62 software. The images were then 
processed using Adobe Photoshop 5.0 and the Image 
Processing Tool Kit version 3,0. The length and aspect 
ratio Qength /diameter) of each filler was measured. 
For each formulation, between 1000 and 6000 parti- 
cles/fibers were measured. Because of the extremely 
small size of the carbon black, the length and aspect 
ratio of the carbon black were not measured. 

Filter Osiexatatioa Test Method 

In order to determine tbe orientation of tbe carbon 
fillers, a polished composite sample was viewed using 
an optical microscope, Again, because of the small size 
of the carbon black (aggregates 30 to 100 xkd in size), 
die orientations of only the synthetic graphite parti- 
cles and carbon fibers were determined. Two 13 mm 
by 13 mm squares were cut from the center of each 
through-plane thermal conductivity sample., as shown 
in Ro. 1. These samples were cast in two-part epoxy 
plugs such that two different images {one exposes the 
through the sample thickness 3.2 mm face) could be 
viewed, as shown in Fig. 2. The samples were then pol - 
ished and viewed using an Olympus BX60 reflected. 



Direction _ 
of Injection 




J2>7iwn 












s 

r- ; 



Thermal 
Conductivity 



Fig. l . Diagram showing location of image analysis specimens. 
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Location of 
Collected 
Images 



Fig. 2. Diagram showing where images collected on through 
plane thermal conductivity samples. 



light microscope as. a magnification of 200 X. Again, 
ibe images were collected using Scion Image version 
1.62 software. The images v/ere then processed using 
Adobe Photoshop 5.0 and the Image Processing Tool 
Kit version 3.0. For each formulation, the orientation 
was determined by viewing typically 1000 to 8000 par- 
ticles/fibers. 

Fifiar Length &a«4 Aspect 3fcatio Results 

Table 4 shows tlae mean length and aspect ratio 
•length/diameter} results of the synthetic graphite 
particles and carbon fibers for the factorial design for- 
mulations alter the Biters were removed via solvent di- 
gestion. 'Hie values lasted under the "as received" for- 
mulation are the length arid aspect ratio of the filler 
prior to extrusion and injection molding 134-36). 

The results in Table 4 show there is significant, deg- 
radation of the carbon fibers lb [lowing the extrusion 
and injection molding steps. Prior to processing, the 
mean length of the carbon fibers is 3200 microns, with 
an aspect ratio 'length/ diameter) of 438. In the 20 v/t% 
carbon liber formulation in nylon 6,6, the fibers now 
have a mean length of 117 microns (aspect: ratio - 
16.0). In the nylon based composites containing both 
carbon fibers and synthetic graphite, the mean length 



Table 4. Mean Length and Aspect Ratio Results 
for Factorial Design Formulations (34-36) 



Nylon 6,6 



Formulation 



As Received Carbon Fibers (CF) 

As Received Synthetic Graphite (SG) 

SG Only Composites 

SG Only Replicate Composites 

CF Only Composites 

CF Only Replicate Composites 

CF (SG*CF Composites) 

SG (SG'CF Composites) 

CF (SG'CF Replicate Composites) 

SG (SG*CF Replicate Composites) 



Length 


Aspect 


(urn) 


Ratio 


3,200. 


438.36 


68.3 


1.80 


70.6 


1.68 


68.5 


1.70 


120.7 


16.54 


113.5 


15.55 


110.5 


15.14 


44.2 


1.70 


106.2 


14.55 


53.0 


1.66 



of the fibers was 108 microns (aspect ratio « 14.8). 
These length results are comparable to those reported 
by Bigg, which showed that carbon Bber/nylon 6,6 
composites had fiber lengths of approximately 130 mi- 
crons after extrusion and injection molding (37). 

Table 4 also shows the lengths and aspect ratios of 
the synthetic graphite particles fPhermocarb™ TC-300 
Specialty Graphite). Table 4 shows that, trie length and 
aspect ratio of the synthetic graphite particles in the 
composite specimens remain similar to those of the as 
received material. Tais result is likely due to the rela- 
tively small length arid aspect ratio of the as received 
niexniocsub™ TC-300 Specialty Graphite. The as re- 
ceived synthetic graphite has a mean length of 68 mi- 
crons and a mean aspect ratio of 1.8. In the 30wt% syn - 
thetic graphite fanmriattnii in nylon 6,6, the graphite 
particles now have a mean length of 70 microns (aspect 
ratio 1.69} . In the nylon based composites contain- 
ing both carbon fibers and synthetic graphite particles, 
the tn.e-.iii length of the synthetic graphite was 49 mi- 
crons {aspect ratio - 1.68). 

Filter Orientation Restdts 

As discussed previously, the filler orientation angle 
was measured by optical microscopy. Hie angle of in- 
terest in these measurements v/as the deviation of the 
filler awav from the thermal conductivity nieasurement 
direction. For these measurements, all the angles ace 
between zero and 90 e . An angle of zero degrees signi- 
fies that the particles/fibers are aligned parallel to the 
thermal conductivity measurement direction. An angle 
of 90° means thai (lie filler is perpendicular to the ther- 
mal conductivity measurement direction. 

For the sample containing 30 wt% Thermocatb™ 
TC-300 Specialty Graphite, the mean orientation angle 
was 58* with a standard deviation of 25° (3784 parti- 
cles measured). A photmilcxograph of a composite eoii- 
taining tins filler is shown elsewhere (23), The mean 
orientation angle varied from 58° to 62° for all the com- 
posites containing Thermocarh™ TC -300 Specialty 
Graphite. For the composite containing 20 vrx% Fort- 
afii 24-3, the mean orientation angle was 65° with a 
standard deviation of 20° (1784 fibers measured). Fig- 
ure 3 shows a photomicrograph, ai. a magnification of 
200X of the 20 wt% Fortaft! 243 in nylon 6,6 Lhrough- 
plane thermal conductivity specimen. Hie arrow below 
Fig. 3 indicates the direction' of thermal conductivity 
measurement. For all the composites containing Fort- 
afil 243, t?ne mean ori.entati.on angle varied from 81° to 
80°. Hence, trie orientation angle is closer- to 90 c , indi- 
cating tiiat tiie fibers /particles are primarily orientated 
transverse to the thermal conductivity measurement 
direction. 

Throwgh-Plane Tkarsaal Conductivity &estt£ta 

Figure 4 shows the through-plane thermal conduc- 
tivity results for the composites containing only vary- 
ing amounts of single fillers as a function of volume 
fraction. These formulations correspond to those shown 
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Direction of Conduction 

Fig. 3. Through-plane thermal conductivity sample containing 
20 wt% FortafiL 243 carbon fiber in nylon 6,6 at 200 X rnagni- 
jxcotion. 



in Table 3, which displays v/i%. Each data point shown 
in Fig. 4 is the mean of 3 to 7 samples tested per ibr- 
muladon. The standard deviation was typically less 
than 5% of the mean. 

Figure 4 shows that carbon black does increase the 
TC of the polymer from 0.30 W/rri K for the pure nylon 
6,6 to 0.45 W/m-K for the composites containing 10 
wt% (6-6 vol%) carbon black. Composites contain- 
ing Thennoaab™ TO -300 Specialty Graphite had the 
largest TC values. The composite containing 40 
\25.3 vol%) Tbermocarb™ TC-300 Specialty Graphite 
in nvlon had a TC value of LIB W/m-K. Adding 40 wftf 



(29.5 vol%) carbon fiber to nylon produced a compos - 
ite with a TC of 0.55 W/m-K. 

Tfebte 5 gives the TC results (mean, standard devia- 
tion, and number of samples tested) for each of the fac- 
torial design formulations in nylon 6,6. Since a com- 
plete implicate of the factorial design was completed, 
one column is labeled "originaT and the other column 
is labeled "replicate." As; stated previously, Table 2 de- 
fines the factorial design formulations- The results in 
Table 5 show a wide range of TC values. The highest TC 
result, shown here is Lfl W/m-K for she composite con- 
taining all 3 carbon fillers. Kven though it. appears that 
composites containing multiple fillers produce higher 
composite TC values, the exact effect of the combina- 
tions is not. obvious without, the application of statisti- 
cal experimental design calculations- 

Factorial Stesign Analysis: 
ThroagfeHiMia Thermal Conductivity 

Using the results shown in Table £\ an analysis of the 
factorial design was completed. Tills was performed 
using the Minitab version 13 Statistical Software pack- 
age. For this analysis, the effects and T (sometimes 
designated t) and P (also called p) values for the TC re- 
sults were calculated. Large T (refers to the Student— 
t distribution) values; and small P (smallest, level of sig- 
nificance that would lead to the rejection of the null 
hypothesis] values indica te that a factor Oilier in this 
case} may iiave a significant effect on the composite 
TC (38). For all statistical calculations, the 95% confi- 
dence 3 eve} was used. 

Factorial designs were used in the project since they 
are the most efficient type of experiment to determine 
the effect, of each filler and any possible Interactions 
between Oilers. By using factorials, one can determine 
trie eifect that each factor (Oiler) has on the system by 
calculating a single value to quantify the change in TC 
as the amount of a filler is increased. These calculated 
effects can then be ranked to determine which fillers 
and combinations of fillers produced a larger change 
in TC values (38). 

The effects, coefficients, and T and P values for the 
nylon 6,6 based composites are given in Tabw ft show- 
ing the values for all of the filler combinations. Further 
investigation of Table 6 yields some important infor- 
mation regarding the effects that fillers have on con- 
ductivity. First, all the effect terms are positive, which 
indicates that the addition of any filler increases the 
thermal conductivity of the composite. Second., the 
effect term is the largest for the synthetic graphite 
triieriiiocarb™ TC-300 Specially Graphite}, which in- 
dicates that synthetic graphite causes the largest in- 
crease hi composite thro ugh- plane thermal conductiv- 
ity. After synthetic: graphite, Use effect of tire fillers 
follows the following order: carbon fiber, the combina- 
tion of synthetic graphite and carbon fiber, carbon 
black, the combination of synthetic graphite and car- 
bon black, the combination of all three fillers, and last 
the combination of carbon black and carhon .fiber. All 
of the formulations are statistically significant at the 
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Fig. 4. Through-plane thermal conductivity results for composites containing single carbonfiUers. 



95% confidence level (P < 0-05}. The statistically sig- 
zx£flcant results for ail the multiple filler cases show 
that there is an effect on TO when different fillers are 
combined. In this case, a statistically Significant: inter- 
action terra indicates that the composite 70 is higher 
ihan what would be expected from the additive effect 
of each single filler (38). For example, the most signifi- 
cant interaction was that of synthetic graphite/ carbon 
liber. This means that, for exij.xi5.ple, when synthetic 
graphite and carbon fiber were combined and added to 
nylon, then the TC of the composite increased more 
than what would be expected from the individual ad- 
ditive effect of synthetic graphite and carbon fiber- This 
result, has been noticed in the past (23). ll is likely 
that thermally conductive pathways are formed that 
"link* the highly branched, high surface area carbon 
black, carbon fiber, and synthetic graphite, which re- 
suite In increased composite TC. 

As stated previously, resins with a thermal con- 
ductivity of at least 1 W/nvK can be used in heat sink 

Table 5. Through-Plane Thermal Conductivity Results 
for Factorial Design Formulations in Nylon 6,6 (23). 

Thermal Conductivity, W/m-K 



Formulation Original Replicate 



No filler 0.297 ± 0.007 n = 4 0.309 ± 0.006 n = 4 

CB 0.381 ± 0.003 n = 4 0.383 ± 0.002 n = 4 

SG 0.802 ± 0.050 n = 6 0.836 ± 0.062 n = 6 

CB*SG 0.956 ± 0.003 n = 4 0.999 ± 0.072 n = 6 

CF 0.424 ± 0.015 n = 5 0.438 ± 0.004 n = 4 

CB*CF 0.490 ± 0.001 n = 4 0.494 ± 0.002 n = 3 

SG*CF 1 .536 ± 0.019 n = 4 1 .486 ± 0.017 n = 4 

CB*SG*CF 1 .843 ± 0.039 h = 4 1 .873 ± 0.020 n = 3 



applications {I}. In this study, the resins containing 
the combination of carbon black and synthetic graph- 
ite, the combination of synthetic graphite and Fortafii 
243. and all three fillers had a TC of at least 1 Wm«K 
thence, these conductive resins could be used for heat 
sink applications. 

A prior project investigated the effect on composite 
TC using this same nylon, carbon black., and syn- 
thetic graphite particles., but with a different carbon 
fiber, in this past project, BP/Axnoco's milled (200 mi- 
cron long} pitch based carbon fiber.. ThermalGraph 
DKD X, was used (23). The axial thermal conductiv- 
ity of ThermalGraph DKD X is 600 W/m-K versus 20 
W/m-K for FortaRl 243 (23). Comparing die results 
from this present study to the previous one yields 
some interesting observations. In both studies for the 
through - plane thermal conductivity samples, the syn- 
thetic graphite particles and carbon fibers are mainly 
oriented transverse to the direction of thermal con- 
ductivity measurement. The length and aspect ratio of 
the composites containing Fortafii 243 were typically 



Table 6. Factorial Design Analysis 
for Nylon 6,6 Based Conductive Resins. 



Term 


Effect 


Coefficient 


T 


P 


Constant 




0.847 


164.7 


0.000 


CB 


0.161 


0.081 


15.7 


0.000 


SG 


0.889 


0.445 


86.5 


0.000 


CF 


0.452 


0.226 


44.0 


0.000 


CB*SG 


0.091 


0.046 


8.9 


0.000 


CB*CF 


0.043 


0.021 


4.2 


0.003 


SG*CF 


0.334 


0.167 


32.5 


0.000 


CB*SG*CF 


0.052 


0.026 


5.0 


0.001 
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115 microns and 16 f respectively. The length and as- 
pect ratio of the composites containing TheraadGraph 
DKD Xwere typically 100 microns and 10, respectively 
(39), Hence, the lengths and aspect ratios of both car- 
bon fibers 1x3 the composite sample are similar. 

For the composites Oiled only wills carbon liber, the 
resins containing 20 wt96 (1L7 vol%} ThermalGraph 
DKD X had a TO of 0.48 W/m-K as compared to 0.43 
W/m-K for those containing 20 wt% (13.7 vol%) Fbrtaffl 
243. The TC value for the composites containing 20 
wt% ThermalGraph DKD X along with 5 vr\% carbon 
black was 0. 57 W/rn« K, which is similar to the TC value 
of 0.49 W/m-K for those containing 20 wt% FbriaBl 243 
and 5 wt% carbon black. The TC value for the compos- 
ites containing 30 wt% synthetic graphite along with 
20 wt% ThennalGniph DKD X was 1 .75 W/m-K versus 
■he TC value of 1.51 W/m-K for the 30 wt% synthetic 
graphite/20 v/f.% FortaSl 243 composites. The TC value 
for the composites containing all three different fillers 
(5 wt% carbon black, 30 wt36 synthetic graphic, and 
20 wi% carbon liber) was 1.97 W/xn-K [for Thermal- 
Graph DKD X) lis compared to 1 .86 W/m-K (for Fbrtafil 
243). Thus, it appeal's tiiat the higher thermal conduc- 
tivity for the ThenualGraph DKD X does not translate 
into a greatly superior composite TC. 

When considering the current and prior factorial de- 
sign thermal conductivity results, the most significant 
effects for these resins were synthetic graphite, followed 
by carbon fiber, then the combination of synthetic 
graphite and carbon fiber, and then carbon black (23J. 
This once again shows that when the higher thermal 
conductivity ThermalGraph DKD X is used in a com- 
posite material, the composite thermal conductivity is 
similar to that obtained by using Fortam" 243. 

Another difference between the two carbon fibers is 
that Fortaiil 243 was surface treated to improve adhe- 
sion to nylon. TherrnalGraph OKI) X was not surface 
treated (23, 25, 34}. Teosiie results for composites con- 
taining each of these carbon fibers suggests that Use 
adhesion of FbrtaflK 243 to the matrix is higher than 
the ThermalGraph DKD X-mafcris adhesion (40). For 
example, the ultimate tensile strength was 97.7 MPa 
for the composite containing only 20 wt% (11.7 voI%) 
ThermalGraph DKD X (composite TC - 0.48 .W/m Kj. 
The ultimate tensile strength was 196 MPu for the com- 
posite containing only 20 wt% (13.7 voI%) Foriafil 243 
(composite TC « OAS W/m-K). These tensile results 
surest that the apparent improved adhesion for the 
Fortafsl 243 carbon fiber with die matrix material did 
nor. dramatically increase composite through -plane 
thermal conductivity. 

CONCLUSIONS 

As a result of this study, the following conclusions 
can be made concerning the Slier length, aspect, ratio, 
and orientation. Efctruslon and injection molding re- 
duced the length of the carbon fiber in the conductive 
composites from approximately 3200 microns to 115 
microns and reduced the aspect ratio from 438 to 16, 



However, the length '(typically 60 to 70 microns) and 
aspect ratio (typically 1.7 to 1.8) of the Thcrmocaib™ 
TC-300 Specially Graphite in the composite specimens 
remain similar to Those of the as received material. 
This high purity synthetic graphite likely maintained 
its size better than carbon fiber since the as received 
Thermocarb™ material has a smaller length and aspect 
ratio. Concerning orientation, for the through-plane 
thermal conductivity samples, the synthetic graphite 
particles and carbon, libers are mainly onented trans- 
verse to the direction of thermal conductivity meas- 
urement- 
Considering only the through- plane thermal conduc- 
tivity of composites containing a varying amount of a 
single filler, Thermocaib™ TC-300 Specialty Graphite 
caused the largest increase m composite through- 
plane thermal conductivity. The thermal conductiv- 
ity increased from 0.3 W/m-K [pure polymer} to 1.16 
W/m-K for the composites containing 40 vrt% (25.3 
vol%) Theniwcarb™ TC-300 Specialty Graphite. 

By studying the thoxigh-piane thermal conductivity 
factorial experiment results, trie Oilers can be ranked 
in the order shown below: 

Tb.errnocarb™ TC-300 Specialty Graphite > Portaiil 
243 'Carbon Fiber > Tfcermocarb™ TC -300 Specialty 
Graphite/ PortafU 243 Carbon Fiber Combination 
> Carbon Black > Carbon Black /Thermocarb™ 
TC-300 Specialty Graphite Combination > Carbon 
Black/Thermocarb™ TC-300 Specialty Graphite/ 
Foriafil 243 Carbon Fiber Combination > Carbon 
Black/Fortafil 243 Carbon Fiber Combination. 

Hence.. Thermocarb™ TC-300 Specialty Graphite 
caused the largest increase in composite through-plane 
thermal conductivity. Another important result is that 
all the single fillers and combinations of (filers caused 
a statistically significant increase in composite ther- 
mal conductivity* It is likely that thermally conductive 
pathways are formed that Tint* the high surface area 
carbon black, carbon fiber, and the synthetic graphite 
particles, which results in increased composite thermal 
conductivity. 

In this study, she resins containing the eotn.binaUon 
of carbon I) lack and synthetic grapMte, the combina- 
tion of synthetic graphite and Ftotafll 243, and all three 
fillers had a TC of at least 1. W/m-K. Hence, these con- 
ductive resins could be used for heal sink application. 

A prior project investigated Else effect on composite 
TC using this same nylon, carbon black, and syn- 
thetic graphite particles, but with a different carbon 
liber. Irs litis past project BP/Amoco's milled (200 mi- 
cron long) pitch based carbon fiber.. ThermalGraph 
DKD K was used (23). This carbon fiber lias an axial 
thermal conductivity of 600 W/m-K versus 20 W/m-K 
for Fortafll 243. When comparing the x*esults of tills 
current study with one previously conducted, it was 
observed that the through-plane thermal conductivity 
was similar for the factorial design formulations re- 
gardless of the carbon fiber used. 
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